The Cool Water Coal Gasification Project requires a gas turbine combustion system to burn a high hydrogen medium-Btu coal gas produced in an oxygen-blown gasifier. The gas turbine selected for this demonstration plant is a General Electric Company MS7001E unit. The plant is located in Daggett, California, a location requiring compliance with stringent environmental regulations; that is, oxides of nitrogen (N0x) at 63.5 kg/hr and carbon monoxide (CO) at 35.0 kg/hr in the machine exhaust.
INTRODUCTION
The coal gasification plant located at the Southern California Edison Cool Water Site, Daggett, California, is a commercial-scale coal gasifier integrated with a combined steam and gas turbine (STAG*) power island. The plant is shown under construction in Fig. 1 . The plant is designed to gasify 907.2 kg of coal per day in an oxygen atmosphere producing an intermediate energy fuel gas and generating steam from the sensible energy of the gas. The gas is cooled; cleaned of particulate, sulfur compounds, and nitrogen compounds; resaturated; and burned in the gas turbine, producing approximately 65 MWe of power. The heat in the gas turbine exhaust is utilized to generate steam. This steam and the steam from cooling the synthetic fuel gas are superheated by the gas turbine exhaust and sent to the steam turbine which produces approximately 55 MWe.
The present paper describes the development of a gas turbine combustion system to burn the gas utilized in the IGCC (Integrated Gasifier Combined Cycle) plant. The high moisture content is dictated by thermal efficiency considerations. Resaturating and heating the clean fuel gas recycles low temperature energy from the dirty gas to the clean gas where it is utilized in the STAG combined cycle. However, because Cool Water is a developmental plant, the combustion system also had to accommodate the cold, dry gas produced when the energy recycle system was off line. The fuel gas composition is typical of that supplied from an oxygen blown process. It is comprised of a considerable amount of hydrogen and carbon monoxide with the balance including as major species, carbon dioxide and nitrogen. The design fuel gas from this process also contains traces of hydrocarbons such as methane. The extremely efficient cleanup of the 
Figure 1. Cool Water Coal Gasification Program
gas results in very low levels of pollutants from fuel-bound precursors. However, the high hydrogen and carbon monoxide content results in a high flame temperature and high thermal NO production rates, requiring some form of abatement. Table 1 shows the nominal fuel gas composition expected from this process before cleanup. Using a combination of moisture added to the fuel gas and supplementary steam injection for NO abatement, the Cool Water plant is able to meet the extremely stringent air pollution limitations in the State of California. Thus, the combustion system described below plays a major role in the Cool Water Project's meeting the objective of demonstrating: 1) system performance and reliability, 2) technical and economic feasibility, 3) operational flexibility, and 4) environmental compliance. Table 1 COOL WATER EXPECTED FUEL GAS COMPOSITION
FUEL GAS PROPERTIES
Two test fuel gas compositions were considered in this development work. The first of these is a dry, cool gas simulating the fuel produced when the fuel gas saturator is not in operation. The second is a hot, wet gas simulating the fuel produced when the gasifier is operating at its design point. Table 2 lists both composition and physical properties for the two cases considered. The heating values are approximately 20-25% of that of natural gas on a J/m 3 basis. These heating values are approximately twice those of an air-blown gasifier product or "low-Btu" gas. Therefore, the gases in Table 2 are referred to as medium-Btu (MBtu) gases. Because of the hydrogen and carbon monoxide concentrations these gases have high flame temperatures as shown. The result of this is a disproportionally high NO production rate that requires some form of abatement-in contrast to the low-Btu gases. Table 2 COOL WATER TEST FUEL GAS COMPOSITION Physically, these fuels present interesting challenges in combustion system design. The required mass fuel flow rate of cold dry fuel is approximately five times that of natural gas. With the addition of 20%/vol water and increased temperature, the volume flow rate of the hot wet gas for equivalent energy release is 8.6 times that of natural gas. Also, the hot wet fuel gas brings with it the question of combustion heat release instability associated with any diluent introduced into the reaction zone. The combustion pressure oscillations produced by such instability can have detrimental effects on hardware and unit operation. An important aspect of this design is the effect of hydrogen and carbon monoxide in the fuel gas on flame temperature and, therefore, NO production. The stoichiometric flame temperature has a direct impact on thermal NO, production by the Zeldovich mechanism [1, 2] . The hot wet and cold dry Cool Water fuels have significantly different flame temperatures and NO, production rates.
Another consideration in this development work is the precaution necessary in unit design to ensure safe and reliable power generation when using a fuel gas with such wide flammability limits and supplied by a relatively new fuel source of unknown reliability.
With highly flammable fuel gases, if the unit failed to fire during startup or the control valve failed to completely close during shutdown, enormous quantities of fuel gas could accumulate in the gas turbine. This could have catastrophic results.
For these reasons, the decision was made to provide the combustion system capability of startup and shutdown on oil fuel and to allow automatic fuel transfers back to oil in the event of gas fuel interruption. This last feature is particularly desirable considering the development nature of the plant. Reliable electric power generation, regardless of the fuel source, is essential. This feature also enables the combined cycle portions of the plant to continue operating, thus reducing the time required to bring the plant back to design point when fuel gas is once again available.
DESIGN CRITERIA
The major concerns that dominated the development of this combustion system are:
1. Turndown ratio of the system 2. Dynamic pressure oscillations produced by wet fuel 3. Carbon monoxide emissions limited to 35.0 kg/hr 4. NO" abatement to meet 63.50 kg/hr emission rate 5. Designing for minimum modification to standard hardware 6. Reliable startup, shutdown, and continuous operation on oil fuel From the outset of this program it was clear that a new fuel nozzle would be necessary to accommodate the added mass flow and volumetric differences between wet and dry fuel gas. The upper limit on fuel nozzle gas pressure ratio was set at P /P -fuel -comb chamb equal to 1.5 (Pf/PCC = 1.5). This would provide adequate fuel control valve margin and still be within the range of fuel gas supply pressure. The lower pressure ratio was set at P /P. f. -cc = 1.025. This limit was established from General Electric's earlier experience with pure tone, combustion-driven pressure oscillation. Test data indicate that with a (P f/Pcc < 1.025) dynamic pressures could increase to destructive levels. This is due to pulsations reflecting upstream through the fuel nozzle to the supply manifold where these signals are amplified back to the combustor.
Dynamic pressures in the combustion system are a major concern because of their effect on combustion system hardware life. Potential wear to components results when dynamic pressure energy is dissipated. Some energy is released as heat in the combustor, but some energy contained in these pressure waves is transferred to the walls of the combustor as vibratory energy. If hardware displacement is significant, component wear will result and may lead to failure. The frequency range where dynamic pressures result in component displacement lies between 100 to 400 Hz. General Electric Company's experience indicates that pure tone dynamic pressure levels within 40 Hz of any combustion system natural frequency must be less than 2.4 kN/m 2 peak to peak, and overall dynamic activity must not exceed 20.7 kN/m 2 RMS if component wear is to be kept at acceptable levels.
Carbon monoxide emissions are limited to 35.0 kg/hr at the Cool Water site. The high concentration of CO in the fuel gas along with diluent injection complicate CO consumption. The balance of NO control and CO oxidation was to be achieved by combustor design which would have a minimum impact on unit design and operation.
Because of the design constraint (item 5 above), NO" control of Cool Water was accomplished by diluent injection. As is usual in a combinedcycle plant, the diluent of choice is steam. Steam extraction has a lesser effect on overall cycle efficiency than water injection, especially when extraction steam from the steam turbine is used. NO" formation occurs at the peak flame temperatures in the combustor. The injection of steam into the reaction zone of the combustor reduces these peak temperatures and, subsequently, reduces NO, production. A negative aspect is that steam injection or steam in the fuel gas contributes to increased combustor pressure pulsations. Also, steam injection in sufficiently large quantities has a negative effect on CO burnout. This may seem surprising in light of the primary role of hydroxyl radicals in CO oxidation [3] . The explanation is that the cooling of the flame, with its attendant exponential decrease in overall radical pool decay rate, quickly overrides the effect of the transient increase in hydroxyl radicals above the radical pool "equilibrium" level.
DEVELOPMENT PROGRAM
The first order of business in this work was an evaluation of whether a new combustor would be necessary for combustion of this medium-Btu fuel gas. Analytical studies were first conducted to determine the fuel gas adiabatic flame temperatures as a function of equivalence ratio. These were used with simple kinetic models to assess the NO" production rates compared to conventional fuels. This work also provided information regarding the combustor overall equivalence ratios required for operation over the gas turbine load range.
The conclusion was that the Cool Water fuel gas has flame characteristics similar to distillate and natural gas fuels. The overall percentage of excess air is roughly the same. This implies that-if the same mixture strength for distillate and natural gas operation is maintained-the local reaction rates for both CO consumption and NO" formation will be the same as conventional fuels. Table 3 shows the relative flame temperatures of various fuel configurations considered at an equivalence ratio equal to one. This table also shows the comparative overall cornbustor equivalence ratio required for baseload gas turbine operation. The most significant impact on the development was the design of a new fuel nozzle. As mentioned earlier, a conventional dual fuel, natural gas/distillate oil nozzle would not handle the additional mass flow associated with the Cool Water unit and still maintain sufficient swirler air flow so as not to impact the head end stoichiometry.
A new dual fuel nozzle was developed, drawing on the low-Btu MS5000 technology developed during the Powerton Project [4] . The Powerton nozzle initially was considered for use on the Cool Water unit without modification. However, the Powerton fuel nozzle is a two-piece configuration, with the swirler incorporated in the cap of the combustion lineri.e., separate from the nozzle body. A disadvantage of this configuration was that assembly tolerances could lead to variations in swirler air flow. Therefore, a new nozzle was designed with an integral swirler.
The newly developed nozzle incorporates the radial air swirler of the Powerton design as opposed to the axial swirler used in conventional nozzles for high energy fuels. Swirler air passes through a passage that turns 90 °. Fuel gas holes are equally spaced around this annular passage. The swirler vanes and gas holes are both angled 15 ° counterclockwise to induce co-directional swirl and promote fuel air mixing. A counter swirl configuration was ruled out by past test experience that indicates counter swirl can induce combustion instability and increase dynamic pressures.
The distillate oil nozzle assembly is housed in the center of the swirl tip. This assembly incorporates continuous external air atomization of the liquid fuel. Because of the extended oil operation planned for the Cool Water machine a distillate nozzle with long life was chosen. In older designs, particulate could be trapped in the liquid/air swirl chamber for many revolutions, resulting in high erosion. The design chosen for Cool Water incorporates a swirler at the atomizing air passage discharge. Having the swirler at this location minimizes upstream velocities and ejects particles, thus minimizing erosion. This design has been implemented in conventional fuel nozzles and provides extended atomizing air passage and swirler life even in residual fuel service [5] . This design coupled with a conventional dual fuel combustion liner provides stable smoke-free oil performance over the entire load range. 
---Methane Gas
To accomplish steam injection for NO" abatement, a conventional steam injection combustor casing end cover was selected. This cover has an annular cavity to which superheated steam is supplied. Eight nozzles inject steam behind the combustion liner cap, allowing it to flow through the air swirler vanes of the gas tip, along with the combustion swirler air (Fig. 2) . This design distributes steam to the combustor reaction zone, largely through the swirler, although some enters through the cap. This method of injection has a minimal effect upon combustor flow patterns and, therefore, pressure pulsations. Further, it is inherently safe with no communication between the steam system and combustor primary zone gases. As one of the authors (Touchton) has shown, the primary zone of this combustor may be considered well-stirred, and little difference in effectiveness of abatement is seen whether the steam enters with the fuel or with one of the primary zone air streams [6] . Test data which support this analysis are discussed below.
Figure 2. Cool Water Fuel Nozzle and End Cover Assembly

COMBUSTION SYSTEM TESTING
Combustion tests were conducted to evaluate the performance of the hardware. The Gas Turbine Development Laboratory facilities of General Electric Company in Schenectady, NY, enable full airflow, full-scale combustion tests. The internal configuration of the test stand is a one-sector duplicate of the gas turbine combustion system. Air is introduced to the test stand in a reverse flow configuration typical of a gas turbine compressor discharge passage. Extensive testing and comparison between the lab and field indicate the flow field in this test stand is the same as the machine.
The General Electric facility has the capability of supplying distillate oil and propane fuels from bulk storage. Custom blended fuels, as in the case of Cool Water, can be brought in by high-pressure tank trailers. Medium-Btu fuel for laboratory testing was blended and trucked in the laboratory in 20.0 m 3 high-pressure trailers. Four such trailers were used for each test. The gas composition was limited to the four major constituents listed in Table 2 . Gas concentration tolerances were kept to within 2.5% vol. All gas supplies were guaranteed hydrocarbon free.
All four trailers were connected in parallel to a common manifold. Gas would then flow through this manifold to a pressure reducing station and to a low-level heat exchanger. This exchanger was used to prevent CO2 condensation. Further downstream, the gas passed through an indirect-fired fuel gas heater. This provided the final temperature control before the test stand. For wet fuel gas testing, steam was blended just upstream of the heater to insure the mixture temperature was above the steam saturation temperature. This fuel gas supply arrangement provided approximately 30 minutes of full load testing. This fact economically accounts for the limited amount of data collected.
Two series of tests were conducted with medium-Btu Cool Water fuel. The first run included fuel gas at 330 °K without steam blended. The second series was run with 20%/vol steam blended with the fuel gas. The resultant mixture was kept at 477 °K. Fuel gas was also tested with no steam blended at 477 °K to access NO" production.
RESULTS
Due to the high cost of medium-Btu testing, all design testing was predicated on the baseload operating conditions of the unit. Because of limited gasifier output, the gas turbine baseload point is derated by closing the inlet guide vanes to limit airflow. It was these conditions that were run during laboratory testing. Inlet parameters were set to correspond to ISO ambient conditions. Figure 3 presents the NO x emissions versus combustor exit temperature for the various medium-Btu fuel configurations tested. Superimposed are natural gas and distillate oil data run at the same gas turbine cycle conditions as the medium-Btu testing. These data are shown at the combustor exit at discharge gas 02 concentrations, and are corrected in ISO humidity.
Combustor Exit Temperature (K)
Figure 3. Cool Water Medium-Btu Fuel Gas NO" Emissions
As expected, carbon monoxide emissions shown in Fig. 4 , were nearly identical to that observed with distillate oil fuel. This system will easily meet the Cool Water CO requirement of 35.0 kg/hr. Figure 5 shows the effect of both steam blended with the fuel and head end steam injection on NOx reduction. This solid curve is derived from laboratory data using both head end steam injection and steam blended with methane fuel gas. This curve also agreed with field data collected on both MS6001B and The steam to fuel gas mass ratio has been corrected for the large difference in heating value between methane and Cool Water fuel gas. Steam to fuel ratios are shown in equivalent methane flow rates. The very limited amount of data indicates no difference in NO x reduction between head end steam injection and steam mixed with the fuel.
Dynamic pressure data indicated that this medium-Btu fuel gas produced considerably lower levels of activity than normally observed for distillate oil fuel. This trend was observed even with the introduction of steam in the fuel gas. Dynamic pressure levels did increase with the introduction of steam but not to the levels normally observed for distillate fuel with the same steam injection rates. Figures 6 through 9 present a comparison of the dynamic pressure activity for medium-Btu fuel gas and that of distillate oil, both dry and with comparable steam injection rates. Based on field experience with distillate and natural gas fuels, General Electric has determined that the dynamic pressure levels for medium-Btu fuel shown in these figures should result in satisfactory hardware durability.
This reduction in dynamic pressures for fuels with high hydrogen content was predicted based on analytical work done previously by Mahan [7] . This work indicated that the time from entrance of the fuel into the combustor to the time the fuel burns (ignition delay) has a direct effect on dynamic pressures. The shorter the ignition delay, the lower dynamic pressure activity. The high flame propagation rates of the hydrogen appear to decrease the ignition time of the medium-Btu fuel. This should have a very positive effect on extending combustion hardware life.
CONCLUSIONS
Laboratory testing indicates that the design goals of the work could be met with minimum impact to the gas turbine. The system also has the flexibility to operate over a wide range of fuel gas heating values and still provide the required turndown ratio to allow gas turbine operation from startup to full load conditions. Although this system was developed primarily for the General Electric MS7001E/MS9001E gas turbine it can be easily adapted for use in the MS5000 and MS6000 units. For these applications careful analysis of fuel gas properties is required and combustion liner modifications may be in order to satisfy necessary machine operating parameters and exhaust emission levels.
At this writing, the Cool Water plant is undergoing startup and testing. Preliminary review of startup and initial gas turbine operations indicate that the combustion system has exceeded its design goals.
During gasifier checkout the gas turbine was forced to operate over a wide range of medium-Btu fuel gas conditions as well as numerous rapid fuel transfers between gas and oil at various gas turbine loads. In all cases dynamic pressures were lower than those observed in the laboratory. There were no indications of combustion instability while operating on saturated fuel gas or with end cover steam injection.
After about 800 hours of unit operation, the fuel nozzles were removed and an abbreviated combustion inspection conducted. The hardware appeared to be in excellent condition with no signs of overheating or unusual wear.
Further analysis of these field data is underway and will be the subject of a future paper.
